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;j MODEL CIE' ICBE J47D (RX1-1 AND RXl-3) TURBOJEIT 

By E. William Conrad, Ea- E. Bloomer, and Adam E. Sobolew8ki 

SUMMARY 
The  altitude  operatianal  characteristics of a prototype  model of 

the J47D (RXl-1 and RXl-3) turbojet  engines,  which  includes an after- 
burner, a variable-area  exhaust  nozzle,  and an integrated  electronic 
control,  were  investigated in the NACA Lewis altitude wind tunnel  at 
altitudes  from 10,000 to 55,000 feet  at a flight  Mach  number of 0.19 
and at  fli@t  Mach numbers from 0.19 to 0.89 at as altitude of 
25,000 feet.  Data  obtained  with  oscillograph  recorders  and  conven- 
t i o a  instrumentation  are  presented  to  show  the following charac- 
teristics: 

(a)  Compressor stan 

cb) Combustor  blow-out 

(c)  Acceleration 

(d)  Deceleration 

(e>  Altitude  starting 

[f) Afterburner  ignition 

(g)  Afterburner  transients 

(h) Afterburner  blow-out 

For both of the  engines  investigated (FZL-1 and RIEL-31, it was 
found that  the  compressor-s€all data plotted  as  single  curves on 
coordinates of compressor  pressure  ratio and corrected  engine  speed. 
TKO distbct types of stall appear to exist  with  the  transition  occur- 
ring  at  corrected  engine  speeds  between 5250. and 6250 rpn. The  com- 
pressor  unstall  characteristics  are shown on the  same  coordinates. 
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For corrected  engine  speeds  above 5800 rpm,  the pressure ratlo  neces- 
s a r y  to  unstall  the  capressor  was lower than  %he  pressure  ratio  for 
either  stall  or  steady-state  operation. As the altitude wss increased, 
the  compressor  unstalled  at  slightly  higher  pressure  ratios;  however, 
flight  Mach  nuniber had no apparent  effect  within  the  range  investigated. P 
Combustor  blow-out  data for .dl flight  conditions  investigated  with 8 
the RXL-1 engine  were  plotted  as a single  curve on the  same  coordinates 
and  coincided  almost  exactly  with  the  compressor stall curve. 

+ L  

Acceleration  time  from  the  idle to the  rated  thrust  condition 
without  afterburning  Fncressed  from 14 to 22 seconds  as  the  altitude 
was increased f r o m  15,000 to 45,000 feet  at a flight Mach number  of 
0.19. A t  an altitude of 25,000 feet, & ~ 1  increase in flight Mach 
number  from 0.19 to 0.75 reduced  the  acceleration time f r o m  idle to 
rated  thrust  without  afterburning from 14.4 to 6.0 skconds. When a 
minlmum fuel limit of 450 jpunds per hour ms used, lean combustor 
blow-out could not  be  obtained during deceleration  for  the  range  of 
flight  conditions  covered  by  the  investigation. 

’ Ignition in all combustors was obtained at. windmilling speeds 
from ,1300 to 1500 r p u  at  an  altitude of 50,000 feet  using MIL-F-5624 
(AN-F-58) fuel  at a temperahre of about 70° F and inlet-air  tempera- 
tures  of Oo to -So F. At 35,000 feet,  ignition  occurred Fn all com- 
bustors  up  to ,3500 rpm,. the highest windmilling speed obtainable. 
With  the  use of MIL-F-5624 fie1  (treated to give a l-pound  Reid vapm 
pressure)  at a temperature  of  apprdximately 90° F and  inlet-air  tem- 
peratures  from -200 to 300 F, ignition was possible  in all combustors 
at 49,000 feet  .up to a windmilling speed .of  about JE.0 rpn. At 
25,000 feet,  however,. starts were  possible  up to 2200 rpn. At an 
altitude of 40,000 feet,  the optimum fuel f l o w  for  starting  appeared 
to be  about 650 p o u n d s .  per hour for ME-F-5624 f’uel with a 7-pound 
vapor  pressure. 

c 

merburner starts  by  autoignition were obtained  at  altitudes  up 
to 53,000 feet at a flight  Mach  number of 0.19 using MIL-F-5624 fuel. 
The  tail-pipe  fuel-air.ratios  required  for  autoignition  increased  with.. 
altitude d . a t  35,000 feet  decreased as the  burner-inlet  temperature 
was raised.  The  tail-pipe  _fuel-air  ratio  at  which lean blow-out  of 
the  afterburner  occurred was increased as altitude was raised.  The 
width of. the  blow-out-  band-  also  .increase&  with  altitude. 
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The  improvement  in  performance  characteristics of turbojet  engines 
effectedby  the  application of a$terburning and a continuously 
variable-area  exhaust  nozzle  have  been  well  established  during  the  past 
few  years. Manual control of a turbojet  engine  equipped  with an 
afterburner  and  variable-area  exhaust  nozzle m a d ,  however,  place a 
heavy  burden on the  pilot  or  flight  engineer. To relieve  the  pilot of 
the  extreme  complexity of engine  operation  and  'the  need  for  constant 
surveillance  of  mahy  engine  operation  limits, a completely  automatic 
control  system  is  required. 

Accordingly, a prototype  model of the J47D (RXI-1 and RXL-3) tur- 
bojet  engines was provided  with an afterburner, a variable-area  nozzle 
asd  an  integrated  electronic  control.  The  engine was installed  in  the 
NACA Lwd-6 altitude  wind  tunnel  to  obtain  the  performance  character- 
istics  and  insight  into  the  engine's  operational  problems.  The  steady- 
state  performance  of  the  engine  without-  afterburning  is  presented in 
references 1 and 2. me operational  characteristics  are  presented  herein. 

The  integrated  electronic  control  used  with the prototype model of 
the J47D (RXl-1 and Rx1-3) turbojet  engines was designed  to (I) provide 

starting  to full afterburning  condition, (2) schedule all services 
required, and (3) give the maximum acceleration  and  deceleration  rates 

causing cdustor blow-out  or  compressor stall. To attain  the  latter 
objective,  the  ccmgressor  stall  and  combustor  blow-out  regions  were . 

investigated  with  the  control  inoperative.  The  limits  maintained  by I 

the  control  were  then  adjusted as necessary and the  transient  per- 
formance of the  controlled  engine  was  evaluated. 

. .  

- s-e-lever  thrust  control  over  the full range  of  operation  from 

I possible  without  exceeding  engine  speed  and  temperature  limits  or 

Oscillograph  traces  axe  presented  herein to show  the  typical 
behavior  of  these  variables  during  compressor  stall,  comp1et.e  and 
partial  conibustor  blow-out  during  acceleration,  controlled  accelera- 
tion  and  deceleration,  and  afterburner  ignition.  Compressor s t a l l  
and  combustor  blow-out  limits  have  been  correlated t o  show  the  effects 
of  altitude,  flight.Mach  number and corrected,engine  speed.  The 
effects  of  altitude and flight  Mach  number  on  engine  acceleration  snd 
deceleration  are also given,  as  well as steady-state  operational  char-. 
acteristics  such as engine and afterburner  ignition  apd  aFterburner 
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lean blow-out. D a t a  were obtained a t   a l t i tudes  from 10,000 to 55,000 
feet a t  a flight Mach.number of 0.19 and a t   f l i g h t  Mach  numbers from 
0.19 to  0.89 a t  an al t i tude of 25,000 feet: . 

. .  

DESCRIPTION OF ENGIXE 

The J47D RXl-1 and RXl-3 engines  used i n  this invesfiigation were 
aerr>"xLly the same as the J47D engine. - The manufacturer 
guaranteed s ta t ic   sw- leve l  performaace o f . t k  J47D engine i s  
5670 pounds thrust a t  7950 rpm'ana an exhaust-gas  telqperature  of 
1275O F. The main c h p n e n t s  include a 12-etage axial-flow compressor 
with a pressure  ratio of about 5.1 a t  rated conditions, eight cylin- 
drical direct-flow combustors, a single-stage  turbine, a diffuser, 
an afterburner m a u s t i o n   c b b e r ,  a variable-&ea exhaust nozzle ,  
and an integrited  electronic  control. The over-all  length  of  the 
engine  including  the  afterburner i s  about 217 inches', the maximum 
diameter i s  approximately 37 inches, and the t o t a l  weight is about 
3000 pounds. A v iew of the turbojet engine installed i n  the test 
section of the  alt i tude .wind tunnel is given in f L g u r e  1 and a 
schematic drawing of the engine i e  presented in .figure 2. 

Two combustor configurations w e r e  used with the RXL-1 engine. 
The original configuratfon  included  ,conventional-type spark plugs,. a 
20,000-V0lt, co i l  and vibrator unit, and cross-flre  tubes I& inches 
i n  diameter. The second configuration,  referred to as the modified 
combustor," had cross-fire tubes that were 2 inches in  diameter. The 
modified combustor liners also had semlcylindrical shroud8 projecting 
1/4 inch radially inward from the damstream half of each of the first 
s ix  rows of  holes. These ch&nges,- as well a8 other ininor hifferences 
between the original and  modified combustor l iners   are  shown i n  
figure 3. The ignition systems used with the modified configuration 
were (1) qpposite  polarity  spark  plugs mounted as shown i n  figwe 4 
'and (2)  an ignit ion system which produced a potential  difference 
approximately twice that of the standaxd system. Only the modified 
configuration was used with the Rx1-3 e a n e .  For both combustor 
configurations, two sets of spark plugs, located fa diametrically 
opposite combustors, were. used, . . . .  

Iff 

The afterburner shown schematically i n  figure 2 wa6 camprised of a 
diffuser 43 inches i n  length, a ccmibustion  chamber 50 inches i n  length ' 

which tapered from a J%-inch  diameter a t  the flame holder t o  a 
29-inch diameter a t  the e&ust-nozzle  section, and a variable-area 
exhaust  nozzle whfch was 16 inches in Length i n  the open position. 
Flame-holding surfaces were provided with 2-rbig,  V-gutter flame 

1 

- 

.. . 
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holders used i n  conjunction with a d - i n c h  diameter p i l o t  cone. The 
location of the flame holders was varied from 2 to 7 inches downstream 
of the p i lo t  wne. Fuel was injected by means of 24 radial-spray bars 
(two sets.of 12) located and 13 inches upstream of the  pi lot  cone. 

2 

The function of  the integrated electronic  control system i s  t o  
cause the engine to operate at an optimum point determined from 
performance, operational,  and safety  considerations at asy given 
operating  condition. - A compreheneive study o f  the control i s  given 
i n  reference 5. A block diagram from this reference is  given i n  
figure 5 t o  show the  relation of  the control components. Detailed - 
functions, some of which are discussed more fully in appendix A, m y  
be listed as follows: 

1. Maintain a -se t  engine  speed irrespective of  changes i n  alti- 
tude o r  flight Mach nmber and maintain rated engine speed 
within  close limits during steady-state  operation 

2. Prevent serious overshoot above rated engine  speed as a 
resul t  of tranaients 

3. Prevent serious loss of engine speed when ignition  occurs 
i n  afterburner 

4 .  Maintain rated turbine-outlet  temperatee (12750 F) a t  the 
rated thrust  position,  irrespective of f l igh t  conditions 

5. Prevent  excessive  tuibine-outlet temperatures during af ter-  
burning operation when the exhaust  nozzle is  fully open . 
o r  i f  the exhaust  nozzle locks in a par t ia l ly  open position 

6. Provide a minimum idle speed at a value above the blow-out 
speed and a t  a value from which satisfactory  accelerations 
can be made 

7. Permit the most rapid  accelerations lpssible uithout combustor 
blow-out, compressor stall, o r  exceeding  temperatures above 
the transient Ustit 

8. Give near optimum s p c i f i c  fuel consumptions at the  steady- 
s t a t e  conditions 

. 
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9. Permit  the  maximum  rate of deceleration  possible  without  com- 
bustor  bldw-out 

10. Provide ti schedule of me1 flows awing the starting  cycle 
to avoid  overtemperature 

11. Schedule  the  necessary  services,  such  as coollng a i r  to  the 
exhaust  nozzle,  before  afterburning  begins 

12. Fail  safely so that  failure  of  any par t  of  the  control system 
will permit  engine  control to .continue  uninterrupted  under 
the  remainlng  components of the:main  system  or  emergency 
6ySteEl 

m i n e  speed,  exhaust-nozzle  area,  and  afterburner  fuel flow 
during  steady-state  operation  are  scheduled as functio& of thrust- 
selector  position, as shown  in .figure 6. Exhaust-nozzle  area  (in  the - 

nonafterburning  region only) and  afterburner fuel f l q w  are  scheduled 
by  potentiometers  linked  directly to the  tlgu6t  selector  lever. In 
the  af'terburning  region,  the  exhaust  nozzle  is  adjusted  by  the  control 
to maintain limiting turbine-outlet  temperature.  Although  the  area 
is  affected  by  f1.igh.t  condition, a typical curve of exhaust-nozzle 
area is given  .by  the  broken  line. Engine speed is governed by changes 
in  fuel  flow.  The  relation  between  engine  speed  and  exhaust-nozzle 
area  during  steady-state  operation  is  given  .in  figure 7., It will be 
noted  that a large  reduction  in  exhaust-nozzle area occurs  at  rated 
engine  speed as the  thrust  selector  changes -fYom 70° to 90°. "his 
large  change i n  exhauet-nozzle area was usea to permit a relatively 
large  thrust  change to be  made  very  rapidly  without  the  necessity  of 
changing  engine  speed. 

During  large-accelerations,  the  exhaust  nozzle  remains in the 
initial  position-until  the  appmximate final speed o r  until a speed 
of 7800 rpm is reached,  whereupon it returns to the  steady-state sched- 
ule. A maxim  del limit,  scheduled  as a function of the compressor- 
outlet  pressure, i s  imposed  during  accelerations to prevent both com- 
pressor  stall  and cmbimtor blow-out. A transient  temperature limit 
of about 150Q0 F at  the  turbine out le t  is also imposed3 excessive 
temperatures will cause  the  fuel  valve to close. 

INSTALLATION 

The  engine was munted on a wing s p a n i n g  the  test  section of the 
altitude wind tunnel. Dry refrigerated  air was supplied to the  engine 
from  the  tunnel  make-up  .air  system  through a duct.  connecte-d to the 



.NACA RJH E51E08 7 

v engine  inlet  (fig. 1). Manually  controlled  butterfly valves in thLs 
duct m e  used to adjust  total  sir  pressures  at  the  engine  inlet: 
A slip  joint  with a frictionless  seal was used  in  the  duct,  thereby 
making possible-the  measurement of thrust and  installation  drag  with 
the  tunnel  scales  and  with  strain  gages on the  engine  supports. 

Iqstrumentation  for  measuring  pressures  and  tempratures was 
installed at various  stations in the  engine {fig. 2) to determine  the 
steady-state  performance  and to calibrate  the  transient performance 
data. Lnstmentation (dynamic  response and design  features of the 
.transient instmentation are aven i n  reference 4 )  for  measuring 
transient  performance m s  also  installed, as given in the  following 
table: 



.. . . . . . . . . 

Measured 
quarltltg 

@ne speea 

til-pipe tem- 
: r a k e  (skbion 6~ 

lgine mmt 
~rce  (function 

Jet thrust) 

@.ne fuel-valve 
mition (also 
!heat fuel-valve 
rsition) 

bust-nozzle 
xa 

ua pressure ratio 

. . . . . . . . . . . . . . . . .. . 

Transient  instrumentation I Steady-state 1 (calibrated from steady-state instrumentation)  instrumentation 

Semior Recorder 

Tachometer genera- 
$or, direct current 

Aneroid-type 
pressure sensor I 
unshieldea loop 
thernao couple 

Multiple- 
channel direct- 
inking oscillo- 
gmph with 
associated 
amplifiers 

i 

Strain gzqe on main 
engine support 

Wire-wound  poten- 
tiometer 

I 
I Wire-wound poten- 
tiometer 

Anemid-type 
pressure senaor 

Dsnamic lag 

time constant) 
(equivalent 

Inetrument 

: (see)  

0.04 Tachometer generabr, 
alternate current 

0.02 Bourdon-type gage 

0.25 a t  

potentiometer f l o w  
balanclng Bmvn level mass 
parallel on self- sverage 6ea- 
Six themcouples in 
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The a i r  flow through the make-up air duct was throt t led from 
approximately sea-level  pressure to a total pressure at the engine 
inlet corresponding t o  the desired flight Mach number a t  a given 
alt i tude.  A l i s t  of symbols i s  given in appendix B. Inasmuch as the 
throttling  valves-were manually controlled, it was impossible to  
maintain  constant  engine-inlet  pressure  during a l l  transients,  partic- 
ularly at high altitudes where the v8,l.v-e~ were'almost  closed; however, 
an attempt was  made to  maintain the desired preseure  as  nearly as 
possible. The static  pressure in the tunnel test section was  -main- 
tained  to dorrespond ta the desired  altitude. Because o f  the large 
tunnel volume, the tunnel test-section  pressure  did  not vary  appre- 
ciably  during  transients'. The engine-inlet-sir  temperatures w e r e  
held at approximately NACA standard  values  corresponding to  the 
simulated flight conditions,  except f o r  high al t i tudes and low fJ-ight 
Mach numbers. Bo inlet-air teqeratures below -20° F were obtained. 
In addition,  three data points were obtained a t  an in le t -a i r  temper- 
ature of 140° F. 

Compressor stall and coabustur,blow-out  during  accelerations 
were investigated by imposing step-f&tio-n  increases i n  fuel flow 
t o  the engine with the  control  inoperative.  Successively  larger  steps 
were used u n t i l  eikher stall o r  blow-out occurred. In general, after 
a s t a l l  was obtained, the fuel flow was reduced, permitting the compres- 
sor  to unstall.  S t a l l  data. were obtained i n  the range of corrected 
engine  speeds from approximately 4000 t o  8000 rp. Combustor blow-out 
data during accelerations were obtained a t  corrected e a n e  speeds 
from about 5000 to 7800 rpm. This phase of the investigation covered 
a range of al t i tudes _from. 1O,,ooO t o  55,000 feet -+d f l igh t  Mach num- 
bers from 0.19 to 0.89. 

With the  exception of a br-ief study to determine the fuel f l o w s  
required for s t a r t i n g  at  an al t i tude of 4Uy~oO0 feet ,  the remainder  of . 
the investigation  discussed  herein was conducted-with  the  control 
i n  operation. The terms "throt t le  burst" and "thrott le chop" are  
used to denote accelerations and decelerations,  respectively, wherein 
the thrust-selector  position was changed as rapidly as possible. In 
addition to these data, several runs were made wherein the throttle 
was f irst  chopped and then a thro t t le  burst was made while the enghe 
speed was decreasing  rapidly. 

. A large number of starts w e r e  attempted w i t h  the  control  operative 
over a wide range of w i n d m i l l i n g  speeds a t  a l t i tudes from 25,000 to 
45,000 feet using MILF-5624 fuels-having Reid vapor pressures 
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of 1 and .7 pounds.  These starting ,attempts- were  yade by sett ing wind- 
milling speed at  the  desired value and then advancing the  thrust  selec- 
t o r  t o  the idle  range (from loo t o  ZOO) . Whether the control w&s 
operative o r  inoperative  during  starts, i f  ignition was not  obtained 
within 30 t o  40 seconds, €he attempt W&S considered  unsuccessful. 

Afterburner  ignition and blow-out limits were obtained during 
the normal course of the investigation of afterburner performance. AS 
the  afterburner  fuel flow was gradually  Increased,  the fuel flow at 
which autoignition occurred was noted  and.simtlarly  the  lean blow-out 
data were obtained  as  the  afterburner  fuel flow was gradually  decreased 
prior to  shutdown. . .  .. . . -  . .. 

RESULTS AND DIWUBSIOB 

Many of the  results  to be discussed are In the form of oscillograph 
traces. To familiarize  the  reader wlth the  typical behavior of several 
important  engine variables, an oscillograph  .record is. given in figure 8 
f o r  a throttle-burst  acceleration of the controlled engine from idle 
t o  f" dry thrust. Arrows are shorn with each trace to Zndicate the 
direction of increase of each variable. The fuel flow increased almost 
instantaneously to  the maximum fuel limit imposed by the control at  r 

point A and thereafter followed the nmxbum f ie l - l imit  curye un t i l ,   a t  
point B, the flow was reduced by the  control because of a progressive 
reduction in t he   t r ans i en t   t qe ra tu re  limit with engine speed af'ter 
anengine speed of about 7200 rpm was reached. Thfe limit, generally 
se t -   a t  13000 F, was s e t   a t  12500 F during  the  transient shown. Tur- 
bine-outlet  temperature followed the  trend of the fuel  flow and can- 
pressor-outlet  pressure was afYected by both f'uel flow and engine speed. 
Engine speed increased at almost uniform- rate. %til the fuel  flow 
was reduced a t  point 3, after which the  rate o f  acceleration W ~ S  

reduced. No appreciable speed overshoot  occurred. The exhaust-nozzle 
area remained locked in the initial open position until a speed of 
about 7700 rpm was .reached. The nozzle  -then  closed t o  the final posi- 
t ion   in  about 0.9 second. As mentioned previously, the ram pressure 
ra t io  could not be held  constant  during  transients of this magnitude 
and rapidity. As will be shown, the  effect of a -decrease i n  ram pres- 
sure r a t io  on the engine  during an acceleratfaa i s  an increase i n  the 
acceleration time as compared t o  the time taken with a constant ram 
pressine ratio: In general, v e i a t i o n s   i n  ram pressure  ratio of the 
magnitude encountered i n  this inveatigatfon had l i t t l e   e f f e c t  on the 
operat iow  character is t ics  of the engine; however, this Variation 
was t w n  into account tn ~ L L  correlatians of the stall, upstall, 
and conibustor blow-out data. . 
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Compressor  Stall s 

Compressor s t a l l .  Fn turbojet  engines  is  usually  encountered  when 
excessively  fast  accelerations are attempted,  asthough  some  engines 
encounter  stall  within the normal steady-state  operating  region.. 
Compressor stall in a turbojet  engine  is  characterized by a sudden 
reduction  and  severe  fluctuation of pressure  throughout  the  engine, 
a decrease of.air flow,  and  excessively  high  turbine-outlet  tempera- . 

tures.  Acceleration of a turbojet.  engine  requires  that  the  enthalpy 
drop  through  the  turbine be increased to exceed  the  enthalpy  rise 
through  the  com.pressor,'thereby pm7iiding the  excess  ppwer  required 
for  acceleration. This is, of course,  accomplished by increasLng  the 
fuel  flow  and  consequently  the  turbine-inlet  temperature.  Inasmuch 
as  the  compressor pressure ratio is a function of the  t-bine-inlet 
temperature,  the  campressor-outlet  pressure-immediately  increases to 
some  value  above the steaajr-state  value  at  the  start of an acceleration . 

and,  unless stall occurs, remains  higher  throughout most of the  tran- 
sient.  The  presa-we.  ratio  which can be  tolerated  by  the  compressor 
without  flow  breakdown  (stall)  is  limited  by the effects of the 
increased adverse  pressure  gradient on boundary-layer  flow and by the 
angle of attack of the b-s. As a result,  the  rate of acceleration 
of a turbojet  engine  is limited by  the stall characteristics of the 
compresser. 

As explainedrunder PRO-, pmpessively larger  .steps fn fuel 
flow  were  .made with the  control  inoperative  until stan wag  encoun- 
tered. Two SUeh runs are shorn in figure 9. In the  first run, 
(fig. 9 (a) ) the fuel flow was increased f r o m  800 to 3900 pounds per 
hour, producing a smooth  acceleration  until  the fuel valve was retmc- 
ted  to  prevent  overspeed of the uncontrolled  engine. In the  second 
ruzl {fig. 9 (b) ) , a slightly  larger  fuel-valve  step  from 800 to 
4150 poutuls per how was used,  resulting i n  compressor stall. The 
effects of  stall may be  clearly  seen  by  comparing  the  traces  of 
figure 9 (a) with figure 9 (b) . The stall is evidenced by the  sudden 
reduction  (point A) foUowed,by a rapid  fluctuation. in the  compressor- - - " 

outlet  pressure  trace,  by a large  increase in the  turbine-outlet 
temperature, and by a break in the  slope of the  engine-speed  trace. 
It wlll be  noted  that  the  engine  speed  continued to increase  during 
the  period  of  stall;  however,  the  acceleration could not be completed . - 

because  of  the high turbine-outlet  tempera" (2160° F]. The  manner 
in which  stall.  affects engine air f l o w ,  is indicated by the  traces of . .-..." 
ram  pressure. -I n  the fi,rst run, the  increase  in  air f l o w  associated 
with the engine acceleration  decreased  the ram pressure  unttl manual 
adjustment by the tunnel  operator toad be made. Ip the  second run, 
a sudden  increase in ram  pressure  occurred at the  stall..point,  indi- . 

cating a marked.redqction in air f low.  Analysis of other-traces  not 
shown indicates  that  during stalled operation  the  air  flow  gradually 

.. 
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decreases  despite  the  fact  that  engine  speed  slowly  increases. A few 
runs were  made  with a chart  speed ten times  as  fast ae the  traces 
shown.  These  data show that  the  frequency of the  compressor-outlet 
pressure  pulsation8 was from 37 to 55 cycles  per  second,  however, 
the respnse of the  instruments was not  sufficiently  fast to permit 
accurate  determination of.the amplitude. It should  be  noted  that 
the  compressor  unstalled  at  point B followihg a decrease  in  fuel f low 
and  temperature. 

The  compressor  stall  curve for the J47D (W-3)  engine  is  given 
in  figure lO(a) for altitudes  from 10,000 to 35,000 feet at a flight 
Mach  number of' 0.19, for  flight  Mach  numbers  up  to 0.89 at 25,000 feet, 
and  for high (140° F) inlet-air  temperatures-at l5,OOO feet.  Inasmuch 
as  air-flow  measurements  were  not  available  during  transients,  cor- 
rected  engine  speed is used  as  the  abscissa in figure 10 instead of 
corrected  air f low.  It should  be  noted  that  the  compressor stall 
data  reduce 4x1 a single  curve for the  entire  range.of f l i g h t  conditione 
investigated. A limited  amount of  data  were also obtained  at an 
altitude of 45,000 feet  but  are  not  included  in  figure  lofa)  because 
data  for  uorrection of t& variation in ram  pressure  ratio  were 
unavailable.  When  considered on ag uncorrected  basis,  however,  these 
data f o r  an altirtude of 45,000 feet  correlated to a single  curve  with 
the data at  lower  altitudes.  The  stall-limit  curye  appears to be 
divided  into  two  distinct  segments, with a transition  occurring  at 
corrected  engine  speeds  between 5250 and 5500- rpm. ' Similar data for 
the RXl-1 engine  (fig.  10(b) ) corroborate  the  trends  shown  in 
figure lO(a),  however,  the  transition  occurs  at  slightly  higher  cor- 
rected  engine  speeds.  Although  the  compressor..design was the  same 
for the two engines,  there may have  been  slight  differences in the 
tip  clearance of the v&Tlous stages  because of manufacturing  toler- 
ances.  Various types of compressor  stall  are  discussed  in  reference 5 
and  explained in terms of the  blade  velocity  triangles.  .According 
to this  reference,  the  stall  at  speeds  above 5500 rpm is probably  due 
to  excessive  angle  of  attack  (positive  stall.)  of  the  latter  compressor 
stage  whereas st lower  speeds  it is due  to  positive  stall of the  early 
stages. 

I 

Compressor  Unstall 

The  measures  necessary  to unstall a.compressor  are of interest 
and accordingly  the  unstall data have  been  correlated on the  same 
coordinates  as  the  stall  data. It might  be  expected i;ht a slight 
reduction  in  compressor  pressure  ratio beUw the..stall limit  would 
cause  the  compressor to unstalli  however,  from  figure 9 it may be 
seen  that during the  stall  the  pressure  ratio.dropped  far  below  the 
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stall  limit and the  compressor  did  not  unstall. A furthur  reduction 
in  pressure  ratio  obtained  by a reduction  in  fuel  flow was required. 
Unstall characteristics Of the RXl-3 engine are given  in  figure 11 t o  
show  the  effects  of  altitude  at a flight Mach number of 0.19 and 
engine-inlet  tempera;ture.  at 15,OOO feet.. . A s  the  altitude  increased 
from 10,000 to 25,000 feet,  the  canpressor  unstalled  at  slightly 
higher  pressure  ratios.  Although  the  amount of bats at 15jOOO feet 
with  engine-inlet  temperature of 140° F is Umited, two  of  the  three 
data  points  indicate 110 effect  of  engine-inlet  temperature on the 
unstall  characteristic of the  engine.  Similar  data in figure 12 sbw 
that chnging the  fli-ght Mach number  from 0.19 to 0.89 a t  an altitude 
of 25,000 feet hizd-no eflect on the unstall characteristics.  At  high 
corrected  engine  speeds,  the  compressor  unstalled  at lower pressure 
ratios  than  were  encountered at stall  or  during  steady-state  operation. 
This is  shown in figure 13, where  both  the  stall and unstalldata  are 
represented by single  curves  and  corngareil  with  the-steady-state  region 
of  operation.  The-shaded  area  represents  the  maximum  region  of  steady- 
state  operation  possible  by  variations  in  exhaust-nozzle  area o r  
flight  condition.  Inasmu&.  as  the unstall m e  lie.6  below  this  region 
over  most  of  the  practical  range of engine  speeds,  it  1.s  obvious  that 
the  compressor . c d t  in *genera be  unstalled by -openin@;  the  exhaust 
nozzle  and that a reduction of! fuel  flow is usually  required. 

The  distance  between  the  operating  line  {which  lies  somewhere 
within  the shaded region) and the  stall-limit  curve is indicative  of 
the  margin-of  excess p o w e r  available  for  acceleration;  It will be 
noted  that  this  margin  increases  abruptly  as  the  corrected  engine  speed 
is raised  above 5250 rpu. The  path of EL typical throttle-burst 
acceleration  with  the  control  operative to restrict  operation to the 
region  below  the  stall  limit  is  denoted by a'  broken  line.  The  rapid 
decrease in compressor  pressure.ratio  at 8000 rpm is  due  to a reduc- 
tion in fuel  flow  called for by the  control to prevent  exceeding  the 
transient  temperature  limit. 

. .  

Combustor Blow-Out During Acceleration 

In turbojet-engine  operation,  combustor  blow-out  during  tran- 
sients, like  compressor stall, is  usually  encountered  during  rapid 
acceleration.  It  is  likely  that  the  blow-out  during  acceleration  is 
caused  by  excessively  rich regions Fn the primary zone,  resulting 
from  the  sudden.-increase in-fhel flow and a reduction  in  a-lr  flow . 
associated  with  the-negative  slope  of compressor characteristic 
curves at high pressure  ratios. For the  engines  investigated  and for 
a flight Mach nuuiber of 0.19, stall was prevalent at  altitudes  below 
35,000 feet and blow-out was prevalent  at  higher  altitudesi  however, 



a change  in  compressor design, combustor  design, or flight Mach nuniber * 
would  probably shift this  transition  altitude. A few  stalls  (not 
shown) were  encountered  at. 45,000 feet,  and  occasionally  stalls  at 
35,000 feet  were  immediately  followed by blow-out. - 

Oscillograph  traces of t m  runs are given Fn figure 14 to permit 
comparison af a successM acceleration and an attdpted acceleration 
using a slightly  larger  step  increase i n  fuel f l o w  which  resulted 
in  combustor  blow-out. The blow-out  point  ie  obvious OIL both.  turbine- 
outlet  temperature  and  compressor-outlet  pressure  traces  (fig.  14(b) ). 
During the  first ng (fig.  14(a)), a turbine-outlet  temperature  of 
1300° F was obtained,  however,  during  the  second run, (fig.  14(b)) 
blow-out  occurred  at B 2 O o  F. The fuel flow -8 reduced  manually 
shortly  after  the  blow-out was obtained.  Engine  speed and turbine- 
outlet  temperature  decreased  very  rapidly  and  went  below  the  limit of 
pen travel on the  recorder.  Because  of  the  reduction in turbine- 
inlet  temperature.  and the flow conditione in the  t'urbine  nozzle dia- 
phragm, the  compressor-outlet  pressure  decreased  markedly  at  the blow- 
out point and  thereafter  decreased slowly as  the  engine  speed 
decreased.  Because of.differences in  instrument  response  time,  the 
compressor-outlet  pressure  trace  indicated  the  blow-out  approximately 
0.1 second  befare  the  turbine-outlet  te%perature  trace. 

k 

On several  occasions,  combustor  blow-out  appeared  to  be  incom- 
plete.  Oscillograph  traces of one-such case of partial  blow-out  are 
given in figure 15. FoU-owing the parthl blow-out,  the  average 
turbine-outlet  temperature decreased rapidly P r o m  1254O E' to about 
830° F and  then  increased  about 30' F in about 6.5 seconds during 
which  time  the f"X f l o w  was consta+t. &pp~ximately 1/2 second  after 
the fuel f l o w  was reduced  and about 9 seconds  after  the partial 
blow-out, full combustion was restored and the  average  turbine-outlet 
temperature  increased to U6O0 F f o r  about 4 seconds  after  which  it 
decreased  toward a '  value  commensurate  with t& fuel-air  ratio.  It 
wiU be  noted  that  complete  combustion  resumed  at  approximately  the 
same f'uel flow as that  required  for  steady-state-  operation.  Motion- 
picture  records of individual  thermocouples  located jut downstream 
of the  turbine  behind each combustor  revealed  that during the  partial I 

' blow-out, temperatures  behind  three  com~ustors  became  very high 
whereas  the  temperatures  behind  the  rema- i i v e  were  between 
500' and 600' F. The phenomenon  occurring in five of the combustors 
providing a low  temperature  rise  is  believed to be  due to cessation 
of flame  propagation  away  from  the  recirculating  region . In the. campus: 
tor primary zone,  which  is  due to an excessive fuel-air ratio, and 
the  resumption of flame propagation following the  restomtion of a 
more favorable fuel-air ratio. . The inordinate  temperature  value 
following complete  cornbustion is probably the result of f'uel 

." . . .. 

* .  



accumulated in   t he  combustors during  the  period  of  partial blow-out. 
It should be  noted that complete combustion was restored at an engine 
speed  of  about 5800 rpm i n  contrast  to a maximum windmilling  speed 
for   igni t ion (to be  discussed later) of about 2000 qm. From these 
observations it may be concluded that some cases of apparent combustor. 
blow-out during  rapid  accelerations &e .not  actually a complete 
fa i lure  of combustion but  .Instead  the occurrence  of a conibwtion pro- 
cess in which on ly  part of the fue l  58 burned. I n  this event, complete 
combustion may be restored  by a gradual throt t le   re t ract ion which 
will reduce the fue l -a i r   ra t io  to more favorable  values. 

Another interesting point is shown by the data of figure 15. 
Immediately following the fuel  step, 8 quenching action  occurred 
which reduced the turbine-outlet  temperature as much as n o o  F. This 
quenching action  occurred  over a period  of mre than 1 secona  and was 
of sufficient magnitude to cause a reduction  of 0.9 inch of mercury 
i n  compressor-outlet  pressure and 50 rpn i n  engine speed. Inasmuch 
as this effect  becomes mre pronounced as altitude is increased and 
engine.speed  decreased,  the flame may w e l l  be quenched completely 
a t  some flight conditions  following a rapid increase i n   f u e l  flow. 

. .  

\ 

.. . 

Maximum values of fuel flow which may be used  without  causing 
combustor  blow-out a re  defined by the data of figure 16 as a function 
of corrected initial engine  speed fo r  both  original and modified 
conibustor configurations and a flight Mach  number of 0.19 a t  an alti- 
tude of 45,000 feet.  Steady-state f u e l - f l o w  requirements and the 
margin of fuel flow available for  acceleration are indicated. It 
will be noted that the margin for  acceleration was not  greatly dif- 
ferent f o r  the two configurations and varied .from about 100 percent 
of the steady-state requirement at  a corrected  engine speed of 5500 rpm 
to 145 percent at -66900 rM. A t  8200 xp~, the GFgi~Yiras 69 percent f o r  
the original combustors and 65 percent f o r  the modified conibustors. 

S t a l l  and Blow-Out Protection 

It has been shown here ind elsewbere  (reference 5) that compressor 
stall is a function of compessor  pressure r a t io  and ei ther  engine 
speed o r  a i r  DW. ~ S Q ,  to a close approxiiatton, a i r  flow 1s 
directly proportional t o  the compre.ssor-outlet pressure and inversely 
proportional to  the t q b i n e - W e t  taperature. By relating turbine- 
inlet.tem=rature to fue l  f l o w ,  a i r  flow, and compressor-outlet 
temperature  and in turn relating compressor-outlet temp=rature to 
ressure  ratioc. and inlet-air temperature, relations may be  derived 
appendix C) which m y  be  used to provide  protection  against  both 

compressor stall and combustor blowout  using o n l y  two measurements, 
P 



compressor-outlet  pressure .ad engine-Met-air temperature.  The man- 
ufacturer designed the control accorcllngly- to -prevent. stall or blow- 
out  by  limiting  the  maximum  fuel  flow for  any'given value of 
compressor-out1et.pressure corrected  for.inlet-air  tempe-rature. The 
data  obtained  at 1400 F inlet-air  temperature  (fig. 10 1 indicate, 
however,  that  the  correction  for  inlet-air-temperature  variations 
can  be  neglected. . - . - . . . . . . . 

Because  of  the  uncertainty of the  assumptions  made  in  the  deri- 
vations,  it  was  ne-cessary to establish  experimentally  the  sbsolute 
values  of  the maximum fuel-limit.  curve. W s  was done by plottfng 
fuel flow  against  compressor-outlet  pressure  for  all  stall  and 
blow-out  points  for  wh5ch  data  were  available..  These data are  given 
in  figure 17 for  both  engfnes  and  both Combustor configurations.  The 
highest  permissible  setting  of  the maximum fuel-limit  curve  is also 
shown  as  well  as a steady-state  operating  line  and  the path of a 
typical  throttle-burst  acceleration. Although the  stall and blow-out 
data  correlate  reasonably  well,  the m a x i m u m  permissible  fuel  flow 
appears  to  increase  with.  flight  Mach  number.. The data  are  not suf- 
ficient to establish  this  trend  definit~&yj'ho%ever,  inbst-of  the  data 
indlcate  that  at an altitude  of 25,000 feet  aqd a flight Mach number 
of 0.75 the margin available for acceleration-could  be  increased 
perhaps 35 percent over that  obtained using -the- settin@; of the  maximum 
fuel  limit  required to prevent  -stall  at" a Maoh number  of 0.19. Much 
of  the  scatter shown is  probably  due to variatiane  in  component 
efficiencies  which  were  assumed  constant Fn the derivations.  Although 
meager,  the  data  obtained  at an inlet-air  temperature of lao F at 
15,000 feet indi-ate 110 apparent  trend  with  inlet.temperatures. Also, 
the data show no difference  between  combustor  configuratfms  (denoted 
by  different symbols) or between  the  two  engines. 

By making adjustments  to  the  control,  it was possible to shift 
the  position of the maximum fuel-limit  curve, and considerable  effort 
was devoted  to  obtaining  the  optimum  position.  The  position of the 
curve  for  the  acceleration shown is  given by the  line BCD, the  accel- 
eration  starting  at  point A. The-fuel flow_increased  immediately 
from  point A to the limit  curve,  followed  the limit curve BCD as  the 
compressor-outlet  pressure  increased  wlth -ne  speed,  and  then was 
reduced  suddenly  at D because  the  turbine-outlet  temperature  reached 
the  transient  limit  value.  Excessively  rapid  actfon of the  fuel 
valve  in  response  to  the  overtemperature  signal  caused  the fuel 
f l o w  to undershoot  the  steady-state  value  in  the  region E before 
equilibrium runnin@; was reached,  at F. 

Combustor  blow-out  data  are c o m n l y  correlated in terms of the 
pressure,  temperature, and velocity  at  the codustor inlet  and  the 
fuel-air  ratio.  Because  of  the  relations ascussed prevlously, 
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" combustor  blow-out  data may be  correlated  in  terms  of  compressor  pres- 
sure  ratio  and.corrected  engine  speed.  Such a correlation  is. shown 
in figure 18 for  both  original  and  modified  combustor  configurations. 
Compressor.  stall  data,  denoted by the  solid  symbols,  are  superimposed, 
and it will be  noted.that  the s t a U  and blow-out  data fall around a 

0 single  curve. An alternative  method  of  providing  protection  against 
d stall an& blow-out  is  thus  afforded  by  the  use  of  this  correlation. 
1yI 

A comparison  of  the  stall  -agd.blo-w-out  protection  correlations as 
established  by  the  manufacturer's  control  {fig. 17 1 and  the  alternative 
method  of  protection  derived  from  the  analysis of the  data  {fig. 18) 
indicates  that a better  correlation is obtained  with  the  alternative 
method.  Consequently,  with  the  alternative  method  instead of the 
manufacturer' s method, mre rapid  acceleration of the  engine  can  be 
made  over a wfder  range  of  operating  conditions.  However,  with  the 
alternative  method of protection,  four  measurements  (compressor-inlet 
pressure,  compressor-.outlet  pressure,  engine  speed,  and  inlet-air 
temperature)  are  required as compared  with  one  (compressor-outlet 
pressure}  used  by  the  control. 

. . .  

Acceleration  Characteristics 

After  the stall and blow-out  regions had been  determined,  the 
maximum fuel-limit  curve was aajusted to s a r t  the lower side of these 
regions,  thereby  permitting  the  safe  margin  for  acceleration. 
The acceleration  and  deceleration  characteristics  of  the RXL-3 engine 
were  then  evaluated  over a wide range of flight  conditions  and  engine 
speeds.  Results of tws phase  of  the  investigation  are  summarized in 
figures 19 to 23. 

An oscilLograph  record  of a typical  throttle-burst  acceleration 
from  idle  speed to f u l l  d q y  t k m t  is  given in figure 19. Fuel f l o w  
increased to the maxirmnn fuel limit in about 0.1 second  and  thereaf'ter 
followed  the maximui fuel  limit as detemined  from  compressor-outlet 
pressure  {fig. 17) until  the  acceleration was almost  completed.  After 
an  initial  reduction  due to the  quenching  effect,  turbine-outlet 
temperature  reflected  the  changes  in fuel flow and inereased  rapidly 
for  about 1 secohd m e r  whfch it  increased gradually to the final 
value  of 12800 F. Compressor-outlet  pressure  decreased  slightly and 
then  increased  at a mre or  less uniform rate f o r  about 9 seconds 
after  which  the  rate  of  acceleration was reduced.  Engine  speed 
decreased  slightly  due to the  quenching  effect  and  thereafter  increased 
smothly until  rated  engine  speed was reached 16.5 seconds after the 
thrust  selector was moved.  The  exhaust-nozzle  area  remained  open 
until  an  engine  speed  of about 7800 -rpm was reacheit. It  then  moved 
in about 0.8 second to the area requlred for limiting turbine-outlet 



temperature.  It  should  be  noted  that  the  turbine-outlet temp=- 
ture was not  drastically  affected by the  lazge  area  change  which 
occurred  at  approximately  pnstant fuel f l o w .  Following a small 
initial  reduction,  the  tbrust  increased  gradually Wtll the  exhaust 
nozzle closed. The  decrease-in  nozzle  area  resulted in a rapid  thrust 
increase.  The  final-engine  speed and thrust  were  attained  approxi- 
mately 16 and 21 seconds,  respectively,  after  the  thrust  selector 
was moved. 

Inasmuch as  thrust  is  the  variable  of prime importance  during 
accelerations,  the  succeeding  figures will be  discussed  in  terms of 
thrust  acceleration  time,  which is defined  as  the  time  required to 
change  the  engine  mount  force  (a  function  of jet' thrust) from the 
initial ta the f i n a l  vklue  where  the  final  value  is  defined  as  the 
p i n k  where  thrust  becomes  approximately  constant  or  where  it  begins 
to vary about a mean  line. The effect  of  altitude an the  time 
required to change  both  thrust  and  engine  speed  is  shown i n  figure 20 
for  throttle  bursts from idle  speed  to full unaugmented  thrust  for 
altitudes f r o m  15,000 to 45,OOO feet 8% a flight Mach luzniber of 0.19. 
Both  engine  speed (fig. ZO(8)) and  engine mount force  (fig. 2O(b]) 
are  expressed  as  percent of the  rated  values  at  the  flight  condition 
under  consideration.  It  should  be  noted  that  the  control  caused 
the  idle enghe speed  to  increase wlth altitude.  The  time  required 
for increasing  both  thrust and engine sFed from idle to rated condi- 
tions  increased  w5th  altitude.  The  thrust  acceleration  time 
(fig. ZO(b)')  required  varied f r o m  14 seconds at an altitude of 
15,000 feet  to 22 semnds at 45,ozx) feet, a ratlo of 1.57. If these 
accelerations  had  been  started  at  the  same  engine  speed  or  percent 
of rated-thrust,  the  ratio  of  acceleration  time  would  have  been  much 
larger.  It  will  be  noted  that a very  slight  speed  overshoot  occurred 
at 15,000 and 25,000 feet,  resulting  in an immediate  reduction in 
fuel f l o w  and thrust.  Both  the  speed  -overshoot  and  thrust  reduction 
were of very short duration. 

Y 

A trend, w h i c h  becomes  more  apparent  with  increasing  altitude, 
is exhibited  by  the  engine-mount-force  curve  for 45,000 feet  about 
9 seconds  after  the  start  of  the  acceleration. The decrease in mount 
force shown was due to a change in ram  pressure  at  the  face of the 
engine  resulting from increased  sensitivity of the  tunnel  make-up 
air  throttle  valve  at high altitudes  where  the  valve is almost  closed. 
If it  had  been  possible to maintain  constant ram pressure ratio,  the 
engine  mount  force  would  probably  have  increased smothly along  the 
broken line. . - ". 

. . . ." . .  

Because  of  the high energy of the  air  at  the  -ne i4et due 
to ram, and  the  corresponding  variation Fn idle  speed  it  would  be 
expected  that  acceleration  characteristics  would  be  improved  with 
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an increase in flight  Mach  nuniber.  The d a t a  of  figure  21  show  this to 
be  true. At an altitude  of 25,000 feet, an increase in flight Mach 
nuniber from 0.19 to 0.75 decreased  the  thrust  acceleration  time  from 
idle t o  full unaugmented  thrust f r o m  14.4 to 6 seconds.  The  thrust 
reductions  occurring  after 3.5 seconds  at a Mach  number  of 0.75 and 
after 13.4 seconds  at a Mach number of 0.19 are  due to reduction of 
fuel .flow made  by  the  control  as a result of overtemperature in the 
first  case and overspeed in the  second. 

Throttle-burst  accelerations  from  various  initial  thrusts  to 
rated  unaugmented  thrust are compared in figures  22(a)  and  22(b) for 
altitudes  of 15,000 and 45,oOO feet  at a flight  Mach  number of 0.19. 
For the  throttle  burst  from 10°’to 90° on the  thrust  selector  at 
15,000 feet  (fig.  22(a)),  acceleration was extremely slow below 
30 percent of rated  thrust and required 14 seconds. An acceleration 
f m m  42 percent  to  rated thrust required o n l y  3 seconds, and on ly  
1.8 seconds was required to -e thrust f r o m  69 percent to rated 
thrust.  At 4S,ooO feet (fig. 22(b)), the  time  required mried 
directly with the increaee in t m t .  The very rapid thrust 
changes  associated with closure of the  exhaust  nozzle  are  apparent, 
and also it w i l l  be  noted  that thrust overshoots  occur which are  .as 
much  as 15 percent of rated  thrust. . .  

The  effect of exhaust-nozzle  are8 on acceleration  time  is  given 
in  figure 23 for  altitudes of 15,000 and 425,000 feet  at a flfght 
Mach number of 0.19. For  the  accelerations  at  constant  area,  the 
exhaust  nozzle was locked  at a position g i v i n g  limiting  turbine-outlet 
temperature  at  rate&  engine  speed,  thereby  simulating  the  performance 
of an engine  equipped  with a fixed-area  exhaust  nozzle. In view of 
the  increase in turbine  back  pressure  with  the  smaller  fixed-area 
nozzle, and the  corresponding  increase in compressor  pressure  ratio 
and  turbine  work,  it would be  expected  that  acceleration  charaater- 
istics would be  penalized  by  reduction in exhaust-nozzle  area 
inasmuch as the  fuel  margin  available  for  acceleration  is  limited. 
This was found to be  the  case  at  both 15,000- and 45,000-fmt 
altitudes.  At l5,OOO feet,  thrust  acceleration  time was 13.5 seconds 
for  the  variable-area  nozzle  as  compared  with 18 seconds  for  the 
fixed-area nozzle, a decrdse of 25  percent. At 4 5 , W  feet,  rated 
thrust vas obtained in 22 seconds with the variable-area  nozzle  as 
compared  wLth 35 seconds  for the ffxed-area nozzle. F r o m  a tactical 
point  of  view,  these  accelemtion  times  at 45,000 feet are misleading 
because  during almst the  ent€re  time  required  for  acceleration  with 
the  variable-area  nozzle  the  thrust was higher  with  the  fixed-area . nozzle.  It  should  be  noted,  however,  that  at 15,000 feet  the  variable- 
area  nozzle w&s superior  with  respect to both  thrust  level and 
acceleration  time. - 
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The  effect of an improper  setting of the m a x i m u m  fuel Umit which 
will permit  compressor  stall  is shown in  figure 24. Throttle-burst 
accelerations  from  idle  to  rated  thrust  at an altitude of 10,000 feet 
and a flight Mach number of. 0.19 are  compared.  The  solid Une denotes . 
the  acceleration d u r i n g  w h i c h  first  stall and then  unstall  oucurred 
owing to the  excessively h,igh &mum fuel  limit.  The broken curve 
denotes an acceleration  with  the maximum fuel  limit as high a8 possible 
without  stall.  For  the  first 5.4 seconds  up to the  stall  point  the 
higher maximum fuel  limit  resulted in higher values of both  thrust 
and  engine  speed. After  the  stall  occurred,  the  thrust  fluctuated 
violently  but  the  general  thrust  level  remained  almost  constant  until 
unstall  occurred 14.9 seconds after the  acceleration  started. The 
amplitude of thrust  fluctuations  is of COUTB~ attenuated. Upon 
unstall,  the  engine  thrust  increased  rapidlyi  however,  stable  opera- 
tion  had  not  been  obtained  at the end of an 18-seeond period. In 
contrast,  the  proper  setting  of  the maximum fuel  limit  permitted  the 
successful  accelexatian  to  be  completed  in 14.4 seconds. It vlll be 
noted  that during the stall, the rate.of  engine  acueleration was 
reduced;  however,  the  speed dld increase gradually. Also, the com- 
pressor  press-  ratio (not shown) was inFtiaUy reduced  when stall 
was encountered  and  thereafter  increased  slowly as engine  speed 
increased. As a result,  the  operating  point  dropped f'rom the stall 
limit  (fig. 131 to a- point  above  the  unstall  line  arid  moved to the 
right  and  up  until  the u n s U  limit was .reached,  whereupon  the  com- 
pressor unstalled. In many of the  throttle-burst  accelerations,  the 
compressor  did  not  unstall  and  rated  speed could not be  reached  with- 
out  exceeding  turbine  temperature  limitation.. 

Deceleration Charaoterietlae 

A series  of  throttle  chops from rated  thrust to idlethrust  were 
made  at  .altitudes from l5,OOO to 45,000 feet and a flight  Mach  number 
of-0.19 aha flight Mach  numbers  up to 0.75 at 25,000 feet to determine 
the  suitability of the minim fuel  limit of 450 pounds per hour for 
preventing lean combustor blow-out. At no time  during the entire 
investigation was lean combustor  blow-out  encountered. The effects 
of altitude and flight  Mach  number on deceleration  characteristics 
are shown in  figures 25 and 26, respectively.  Neither  engine  speed  nor 
thrust  decreased as rapidly  at an altitude of 45,000 feet  as  at 
15,000 feet  because  the m i ~ L m u m  fuel  flow was a larger  percentage  of 
the  steady-state fuel flaw  requirement  at 45,OOO feet  than at 
l5,000 feet and because  the  density of the  working  fluid was reduced 
w h i l e  the  rotor  inertia  remained  constant.  Although  the  final  thrust 
and  speed  levels  are  different,  the  effect of. flight Mach number on 
deceleration  characteristics  is  slight,  (fig. 26). 
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As a more severe test of both m a x i m  and minim fuel limits, 
a series of  runs was &de over a wide range of flight conditions i n  
which th ro t t le  bursts to rated t h r u s t - w e r e  made during  rapid  decelera- 
tions and th ro t t l e  chops to idle were made during  rapid  acceleratiorl. 
With the   f ina l  setting of the maxirmun and mFnimum fuel  limits, no 
stall o r  blow-out was encountered a id  no appreciable time delay 
occurred i n  changing from acceleration t o  deceleration or deceleration 
to acceleration. 

AI€itude  Starting  Characteristics 

The superior  al t i tude  start ing  characterist ics of the modified 
combustor configuration  as compared with the original is  shown i n  
reference 6 .  Only the starting data obtained with the RXL-3 engine 
using  the mod;Lfied combustor configuration  are predented. 

The maximum windmilling speed and the corresponding f l i g h t  Mach 
number at which ignition and flame propitgation are possible  using  the 
fuel f low scheduledby the control are shown In  figure 27(a) as a 
$unction of alt i tude.  MIL-F-5624  (AN-F-58) fue l  with a Reid vapor 
pressure of 7 poynds per  square  inch was used. The fuel was at a 
temperature of about 700 F and the engipe-inlet-air temperature 
varied from Oo t o  -6O F. W n e  fuel flow varied from an average of 
$00 pounds per hour at  art al t i tude of 50,000 f ee t  to 650 pounds per 

i n  all conibustors a t  windmillin@; speeds from E500 to 1500 rpm. Propa- 
gation was poor at  1550 rpm> and no ignition was obtained at wind- 
milling speeds of 1800 rp o r  above. As the al t i tude was reduced ' 

the maxhum stast;ing  speed increased to  2300 rpm st 38,000. feet, and 
a t  35,000 feet star%s could be made up to 3500 rpm, the nmaximum wind- 
milling speed  obtainable in  the tunnel. 

c 

hour a t  25,OOCfeet. A t  an a l t i tude  of  50,OOO feet, ign i t ion   occmed 

The star t ing limits' obtained with MIL-F-5624  (AH-F-58) fuel, 
w h i c h  was treated to  give a 1-pound R e i d  vapor pressure, are shown in 
figure 27(b 1. The inlet-air temperature  varied from -20' to 30° F 
and the fue l  temperature was about 90° F. A t  an alt i tude  of 
49,000 feet ,  starts were  possible a t  Wind~CULng speeds up to about 
1500 rpm~ however, a t  25,000 feet starts w e r e  not  possible above 
2200 rpm. The reduction i n  vapor pressure from 7 pounds to  1 pound 
appears to hiwe had l i t t l e   e f f e c t  at 49, OOO o r  50, OOO feet   but at 
25,000 and 35,000 feet the maximum- star t ing speed was reduced 
considerably. 

. .. 

. .. 
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It  was  observed,  however,  'that  at  altitudes  above 40,OOO feet, 
once  ignition was obtained  it W&S not  possible to accelerate  the 
engine  above  about 3100 r p  without  increasing  the ram pressure ratio. 
This may  be  explained  by  the  existence  of a combustor  dead  band 
similar to. that shown in reference 7. This  dead  band  results from 
the  fact  that  the  temperature  rise  required  by  the e@ne fs greater 
than  the  temperature  rise  obtainable in the  combustors. As the  dead 
band  is  approached,  the  rate of acceleration drops to  zero  and  some 
of the  combus'cors  blow-out  whereas  others  begin to emit flame through 
the  turbine. A n  increase in ram pressure  ratio  decreases the tempera- 
ture rise required  by  the  engine  and  permits  the  acceleration to 
continue. 

Previous work (reference 6 1 has shown the  importance of fuel flow 
on starting  characteristics.  Accordingly, a large  number of starts 
were  attempted  with MIL-F-5624 (AN-F-58) fuel with a vapor  pressure 
of 7 pounds.  at a 40,000-foot altitude usi!x~.various @ue_s. of. .fuel flow . . ._. 

w h i c h  were  set manually. These  data,  shown  in  figure 28, define a 
range of f'uel flows -in  which  starts  were  consistently  obtained. Thfe 
range  becomes  narrower  as  the  windmilling  speed is increasedj  the 
maximum speed  at which ignition was possible ip all combustors was 
approximately 2410 rpm. The  region of certain  ignition is bounded 
by a region  in  which  ignition and flame  propagation was possible in 
some  combustors and another  region is shown in which no ignition was 
possible.  These  data  indicate an optimum  Fuel  flow  at 40,000 feet 
of about 650 pounds per how as  contrasted to a value of about 
450 pounds  per hour scheduled  by  the  control. 

r -  

Temperature  histories of six  of  the  eight  combustors, as obtained 
from  motion  picture  records of individual  thermocouples  located  just 
downstream of the  turbine  behind  each  combustor,  are  given  in  figure 29 
to ,show the  time  required  for  flame  propagation -md also the  rate  of 
temperature  rise f o r  starts  at an altitude of 35,000 feet and wind- 
milling  speeds of X00 and 1200 rpm with MIL-F-5624 CAN-F-58) 
7-pound vapor pressme fuel. . Thermocouples  for .tug combustors  were 
burned  out  when  these  data  were  obtained.  Propagation  occurred in 
less  than 5 seconds  for  the runs shown. 

.. . 

The  time  required  at  various  altitudes to obtain  ignition  in  one 
combustor  (denoted by circles) and in all combustors  (denoted  by 
squares) is defined  by  the shaded areas shown i n  figure 30. The 
numbers  adjacent to each  data  point  refer to windmilling speed. As 
the  altitude  is  increased,  the  time  required for ignition  in  one 
combustor  and  the  time  required  for flame propagation to the remaining 
combusturs  also  increased.  There  appears to be no consistent  effect 
of  windmilling  speed on the  time  required  for  either  ignition or 
flame  propagation, . . .  .- > .. . .  . . .  . ." . 

.. 

-+ ..+ 
" 
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afterburner  Operational  Characteristics 

During most of the  previous  afterburner  investigations st the 
NACA Lewis  laboratory,  fixed  coni&l  exhaust  nozzles  were  used.  When 
exhaust-nozzle  sizes  were  sufficient to permit  large t-t augmen- 
tation  ratios,  the  burner-inlet  temperature was 0- about 800° F at 
the  time of ignition.  With such l o w  burner-inlet  temperatures,  after- 
burner  ignition wa8 accomplished  by  the  use of the 'kt-shot" imtion 
system  discussed  in  reference 8 .  

For  the  more  recent  investigations,  variable-area  nozzles  were 
available,  permitting  burner-inlet  temperatures  of 12Wo to 1300° F at 
the  time  of  ignition. On two occasions in the revious Investigations 
wlth  burner-inlet  temperatures of 1200° to 1300 F, autoignition was 
obtained with MIL-F-5572 (AH-F-48) grade-80  fuel  at high tail-pipe 
fuel-air  ratius.  Because of the high tail-pipe  fuel-air  ratio  required 
for autoignition with this  fuel,  the s h r t s  were violmtj one  start 
caused  the  engine  combustors to blow-out and the  other  resulted  in 
damage to the  afterburner.  Subsequent  experience  with MIL-F-5624 
(AM-F-58) fuel,  which has a slightly lower  surface imtion tempera- 
ture than MD-F-5572 fuel, has shown  that  autoignition may be  obtained 
at  reasonably low tail-pipe  fuel-air  ratios without excessive  violence. 

place,  although  slightly  higher  fuel-air  ratios  are  required  than  are 
needed using the  hot-shot  system. 

g 

s Starting  the  afterburner  by  autoignition has therefore  become comm0l~- 

- 
For this  investigation,  afterburner starts, with  either  auto- 

ignitiop or using  the  hot-shot  ignition  system,  were  obtained at  all 
flight  conditions  investigated,  including  analtitude  of 53,000 feet 
where  the  absolute  pressure in the  afierburner was 388 pounds per 
square  foot. - 

The bazd of tail-pipe  fuel-air  ratios in which autoignition 
occurred  while  the fuel. f l o w  was gradually  increesed is shown fn 
figure 31 as a f'unction of altitizde. The tail-pipe  f'uel-air  ratio is 
defined  as  the  ratio  of  the  afterburner  fuel  flows to the  unburned 
air  entering  the  afterburner.  Different syaibols are  used  to  denote 
various  fuel-injection-system and flame-holder  configurations. A 
study of the  symbols  shows  that  the  fuel-air  ratio  required for auto- 
ignition wi-t;h a given  configuration  and  altitude  does  not  reproduce 
exactly. This lack of reproducibFlity  is  attributed to variations 
of as much as 50° F in the  burner-inlet  temperature. A comparison 
of  these  data.  with  preliminary  ml.,culations of tail-pipe  combustion 
efficiency  indicate  that, in general,  autoignition  occurs  at  leaner 
mixtures  for  configurations  having the best  steady-state  performance. 
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Data are presented in figure. 3.2 f o r .  one-_typical..configuration to 
show  the  effect of burner-inlet  temperature on autoignition  character- 
istics  using MIEF-5624 (AN-F-581, 7-pound  vapqr-pressure  fuel.  At an 
altitude  of 25,000 feet and a .flight  Mach  number af 0.19, the  effect 
of temperature was negligible  over  the  range  investigated.  At 
35,000 feet,  however,  the  tail-pipe  fuel-air  ratio  required-for auto- 
ignition.  -creased f r o m  about 0.008 at 1760' R to 0.038 at 1660O R, 
or  increase  of  almost 5 times f0r.a 100° F reduction in burner-inlet 
temperature. 

. .  . .. . 

. .  

Oscillograph  traces  are  gl-ven in figures 33 to 35- to  show a 
throttle  burst  from f'ull d r y  thrust  to full afterburning, full d 2 y  
thrust  to  partial  afterburning, and a thgottle chop f r o m  f'ull after- 
burning to full drfthrust  at  an  altitude  of 25,000 feet  and a flight 
Mach  number of 0.19. In figure 33, w h i c h  shows a throttle  buret from 
full dry thrust to full afterburning, a period of about- 9 seconds 
elapsed  before  autoignition  occurred,  as  noted  from a comparison of 
the  traces of afterburner fuel Plow and engine munt force.  When 
ignition occurred in the afterburner,  the  increase In turbine  back . 
pressure  (not shown) caused-  the  engine  speed to decrease  about 160 r p n  
even though the  engine fuel flow was increasing to mintain constant 
speed. AB a result of the  increase  in  fuel f l o w  and the  reduction in 
engine  speed,  the-  tgrbine-outlet  temperature  became  excessive,  reach- 
ing a value  of 1690° F before  the  overtemprat&e,  underspeed condi- - 

tion  was  alleviated  by  the  opening  of  the  exhaust  nozzle.  The 
exhaust  nozzle  required 1.6 seconds to open. A reduction  in  the 
opening  time of the  exhaust  nozzle and a; reduction in themcouple' 
response time would reduce  the  amount of temperature  oversh~ot.,  After 
th-exhaust nozzle  had  opened fully, the  turbine-outlet  temperature 
was still  excessive.  Accordingly,  the  afterburner fuel flow was 
reduced  by  the  control  in  response to the  turbine-outlet  temperature 
signal  to  prevent  damage  to  the  turbine.  At  the  time  these  data were 
obtakned  the  response of the  afterburner  fuel  valve to overtemperature 
conditions was excessively  ragid,  resulting  in  the  afterburner  fuel 
flow being  reduced  almoet  to  ane-third.af  the or ig ina l  value. The 
reduction in afterburner fuel flax caused. the  turbine-outlet 

. .  

temperature  to drop below  the  limiting value, thereby 
afterburner  fhel  valve ta open. The af'tei-burner  fuel 
to an excessive  value  causlng  wertemperature, and a8 
cycle of events  repeated  with  little  attenuation. 

A throttle  burst f r o m  full dry  thrust to partial 
shown in figure 34 was aceompgied .by a few  cyclea  in 
temperature  became  .excessive  and  the  engine  speed was 

permitting  the 
again increased 
8, m6Id-t the 

afterburning 
which  turbine 
reduced a8 a 

result of the simultaneous action of the  exhaust  nozzle;  whlch  tries 
to maintain  constant turbb-outlet temperature, and engine b l  flow, 
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which  attempts to maintain  constant  engine  speed.  Because  the  turbine- 
outlet  temperature  was  controlled by the  exhaust  nozzle  (which was 
not open] rather  than  the  afterburner  fuel f l o w ,  the  instability 
exbibited  by  the  data of figure 33. was not  encouptered.  Equilibrium 
running conditions  were  restored  at pint A, 12.5 secopds  after  igpi- 
tion  occurred. 

8 
td 

A throttle  chop  from  the full afterburning  condition to the full 
d r y  thrust  condition  is shown in figure 35. The  time  required  for 
most of the  variables to return to equilibrium was about  equal to the 
time  required  for  the  exhaust  nozzle to close,  approximately 
8.5 seconds; men the  afterburner  fuel f low was reduced,  the  turbine- 
outlet  temperature-dropped f r o m  13200 to loO@ 3'. Simultaneously 
the  engine  speed  increased  about 100 rpn. -ne fuel  flow was modi- 
fied  by  the  control to restore  speed  and  at  the s- time,  the  exhaust- 
nozzle  area was reduced  to  restore  the  turbine-outlet  temperature. 

.. . 

. .  . . 

The  relatively  slow  closure of the  exhaust  nozzle  is  probably 
the  result  of  continued  burning of a small amowt of fuel in the 
afterburner,  inasmuch  as  the  fuel f l o w  to the  Edgterburner  did  not 
stop comgletely  for  about 7 seconds. During most of the  transient, 
the  thrust was less  than  the  rated.  value.  Equilibrium  turbine-outlet 
temperature,  indicated on the  oscillograph  trace  after  the  transient, 
was 30° F lower  than  the  original  value  at W l  afterburning,  probably 
as a result  of  slight  discrepancies  between  the  indicating them- 
couples and those  used by the  control. 

For  operation  at a flight Mach number of 0.19, afterburner auto- 
ignition  delay,  measured Tram oscillograph traces, varied  with  alti- 
tude as follows : 

Lean  blow-out  limits fo r  several  afterburner  configurations, 
comprised  of changes in fuel  distribution and flame  hslders,  are 
shown as a function of  altitude in figure 36 for a flight  Mach  nmiber 
of 0.19. The  configuration  changes w h i c h  were made had no significant 
effect on the  results)  however,  it should be  pointed  out  that  the 
.flame-holder  block& ar" was not  altered.  The minimum tail-pipe 



fuel-air  r a t i o  f o r  lw...blow-out  increased from 0.004 a t  an al t i tude 
of 15,000 f e e t  t o  &aut Q,Q13. a t  -50,000 .feet..  -%e. a d t h  of the blow- ., 
out  region was not markedly  changed with  altitude. Rich blo2r-out 
limits were not  obtalnedbecause a t  low altitudes  the exhaust-nozzle 
size limited the maximum fuel-air rat io  and at high al t i tudes opera- 
t ion was not  attempted beyond the fbel-air ratio Tpriducin@; the paximum 
exhaust-gas  temperature .- - j. .. . 

From an investigation of J47D (FKL-1) and (RXl-3) turbojet  engines 
(with in'tegrat.ed electronic  controls)  in the PLACA Lewis al t i tude 
wind tunnel  over a  range of alt i tudes up to-55,TXX, f e e t   a t  a f l i gh t  
Mach  number of 0.19 and flight Ma& numbers  up to 0.89 a t  an al t i tude 
of  25,000 feet, the fallowing results were obtained.: . "  . 

1. For the complete range of s l t i t u&s  and f'lLght Mach numbers 
investigated, compressor stall data. seduced. @>-we cuPves for  both 
engines on plots of' csmpressor pressure ratio againat  corrected engine" 
speed. The turves for both  engines were eimflar and each shared two 
dist inct  segments indicating stall in  different  portions of the com- 
pressor. The trangition, however, accurred at. slightly different 
engine  speeds f o r  "the two engines. " 

" . ." - _  

.- . . 

2. On the same coordinates a t  a  given  corrected  engine speed, - 
the compressor unstalled  at  slightly  higher  pressure  ratios  as the 
alt i tude was increased. Flight Mac& number had a0 apparent effect  
on campressor u n s t d  characteristics within the range investigated. 

3. The unstall  compressor pressure r a t i o  occurred at a lower 
value  than ei ther  th s t a l l  o r  steady-state-operation compressor 
pressure  ratios  for given corrected  engine - .  speeds above 5800 rpm. 

. .  

4. A maximum fuel llmit scheduled as a Rrnction of compressor- 
outlet  pressure prodded adequate protect ion  agaiet  both compressor 
stall and combustor blow-out and required  the neisuremen-b of  only one 
variable; however, the limit appears  conseyyative for  operation  at  
high flight Mach numbers. 

5. Both combustor blow-out and  compressor stall  data reduced t o  
a single curve on coordinates of compressor pressure  ratio  against 
corrected  engine speed, thereby proriding a relation which could be 
used for  protectinn_against   these  dlfficuties.  
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6. The  time  required  to  accelerate  the  controlled  engine f r o m  
idle to rated  thrust  increased  from  about 14 seconds  at 15,000 feet 
to 22 seconds  at 45,000 feet  for  operation  at a flight  Mach  number 
of 0.19. At an altitude  of 25,000 feet, an increase  in  flight  Mach 
number  from 0.19 to 0.75 reduced  the  acceleration  time  from 14.4 to 
6 -seconds. 

7. For the  complete  range of flight  conditions  investigated, 
lean  combustor  blow-out  could  not  be  obtained  using a constant minimum 
fuel  limit  of 450 pounds per hour. 

8. Using MIL-F-5624  (Am-F-58) fuel with a 7-pound Reid  vapor 
pressure  at a temperature of about 70° F and  inlet-air  temperatures 
from 0: to -60 F, ignition  during autowtic starts was possible  in a l l  . 

combustors  at  windmflling  speeds fmm 1300 to 1500 rpm at an altitude 
of 50,000 feet.  At  these  conditions ignition was possible in some . 
combustors  up  to 2100 rpm. At 35,000 feet,  ignition was possible  in 
a l l  combustors  up to 3500 rp, the  highest  uindmilling  speed  obtain- 
able.  At  altitudes  above 40,OOO feet,  however,  the  presence of a 
combustor  dead  band  prevented  acceleration  above 3100 rpm at  the  IQwer. 
flight  Mach  numbers. " 

9.. Using MIL-F-5624  (AK-F-58) fuel  (treated  to  give a 1-pound 
vapor pressure)  at a temperature  of  approximately 90° F and  inlet-air 
temperatures  from -ZOO to 380 F, ignition was possible  in all cam- 
bustors  at 49,000 feet  up to a windmilling  speed of about 1500 rp. 
At 25,000 feet,  however, s t a r t s  were  not  possible  above 2200 rpm. 

10. At an altitude of 40,OOO feet,  the  optimum  fuel flow for 
starting  appeared to be  about 650 pounds per hour for MIL-F-5624 . 
(Am-F-58) fuel. 

11. Afterburner s t a r t s  by autoignitionusing MIL-F-5624  (AH-F-58) 
fuel  were  obtained  at  altitudes  up  to 53,000 feet  at a flight Wch 
number of 0.19. The  tail-pipe  fuel-air  ratio  required  for autoimtion 
increased  with  altitude  and  at 35,000 feet  decreased  as  the  burner- 
W e t  temperature was raised. . 

12. The  tail-pipe  fuel-air  ratio  at ach lean blow-out. of the 
afterburner  occurred was increased as altitude was raised.  The  width 
of the  blow-out  band  remained  constant  over  the  range of altitudes. 

Lewts Flight  Bopulsion  Laboratory, 

Cleveland, Ohio. 
Hational  Advisory  Committee - for  Aeronautics, 
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DESCRIPTION AFTD O m T I O N  OF INTEcraATED ELECTROlPIC CONTROL 

Principles of Operation 

A t  a l l  operating  coaditions,  the engine is controlled by mauls-' 
t ion of fuel flow. As noted  previously,  steady-state  exhaust-nozzle 
area is scheduled as a f'uncticm of thrust-selector.posit1o.u (fige. 5 
and 6) for operation in-the  nonaf'terbming  region. Under after-  
burning conditions, afterburner fuel flow (corrected f o r  a l t i tude 
and ram) is scheduled against  thrust  selector  position, and l i m i t k g  
turbine-outlet temperature. is maintained by modulation of the 
axkaust-nozzle area. The detailed  flmctions of the  control were 
l is ted previously; the m e r  in which the cantrol was designed t o  
accomplish the more important objectives w i l l  be discussed in the 
f ollowlng parwapha:  

Ehgine speed control. - m i n e  speed, scheduled as .a  function 
of  thrust-selector  position, i s  controlled by suitable modulation of 
engine fuel  flow i n  response tu a speed-error signal. The speed- 
error signal i s  the  difference between two voltageej one voltage f r o m  
the speed selector  (fig. 5) is proportional tg the desired speed, 
whereas the other  voltage i s  the output of B, tachometer unit (fig. 5) 
driven by tlie  engine and consequently represents  the  actual speed. 
This speed-error signal is  amplified by the s e m  amplifier unit 
(fig. 5) and used t o  - drive a motor-actuated fuel  valve  located in  the 
main fuel control. If the .desired engine epead called for by the 
thrust  selector i s  higher  than  the  actual engine speed sensed by the 
tachometer, a positive  speed-error signal results. In re.sponse to 
a positive  error si-, the  valve opens, . increasingthe . f u e l  flow 
and producing an acceleration  until  the  speed-error signal i s  reduced 
t o  zero when the  desired speed i s  reached. Similarly, a negative 
speed-error  signal causes the  valve t o  close,  reducing  the engine 
speed. 

An important  requirement'of a control i s  that it maintain  constant 
engine  speed under changing flight conditione. This i s  accomplished 
by the same system of  error signals just  discussed. An increase i n  
flight Mach nmiber, for  example, will cause the  actual speed to 
increase above the speed se t  by the  thrust  selector, producing a 
negative  speed-error  ..signal which reduces  .the fue1.f.U.w. and .restores 
or  maintains the initial engine speed. . 

Overspeed protection is af forded by a tuned circui t  which pro- 
duces a negative  speed-error Signal; the error-signal voltage 
increases  very  rapidly i n  the overspeed region, causing a rapid 
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- reduction  in fuel flow. This  protective  circuit  attempts to hold 
rated  engine  speed  withip 20 rpm.  Further  protection  is  provided  by 
an overspeed  governor working .on. the fly7ball principle. This gover- 
nor  is  set  to bypass fuel  back to the  pump  inlet  at 8050 rpm~ however, 
full by-pass  is  not  obtained  until  the  engine  reaches a speed  of . 
8300 rpm. . .  3 

S 
Ebgine  temperature  control. - With  the  exhaust-nozzle  area  sched- 

ule  used  (fig. 6) steady-state  turbine-outlet  temperatures  are  well 
below  the  limiting  value of 12750 F at all engine  speeds  except  rated 
engine speed. At  rated d r y  thrust (900 thrurrt  selector  position) 
even  though a given  value o f  exhaust-nozzle  area  is  scheduledby  the 
nozzle-area  selector,  the exhaust nozzle,  actuated by the  nozzle 
actuator,  is  permitted  to  be dosed only  until  limiting  temperature 
is  reaehed.  Because of the  effects of Reynolds rider on component 
efficiencies, the, exhaust-nozzle  area  producing  limiting  turbine- 

' outlet  temperature  5ncreases  with  altitude. F r o m  figure 6 it may 
be  seen,,  therefore,  that  rated  thrust at high altitudes will be 
obtained at thrust-selector  positions slightly below SOo and  that a 
&ea& band on the  thrust  selector w i l l  result  at high altitudes. To 
keep  t.his dead B a d  narrow,  the  scheduled  area  is  changed  rapidly 
in  this  region. 

- 

During eagine starts and accelerations-at  speeds  below 7200 rpm, 
a turbine-outlet  temperature  limit (a8 measured  by  the  thermocouple 
unit  (fig. 5) of about 15W0 F is  imposed. If the  temperature  tends 
to exceed this limit,  the  control  reduces  engine  fuel f l o w .  A smooth 
transition of the  temperature  limit  is  proatled f r o m  the  value of 
150O0 F at  speeds  up to 7200 rp to  the  value of 1275O F in effect 
at  rated  speed.  Under  afterburning  conditions,  the  exhaust-nozzle 
area is mdulatea to maintain- limiting- temperature. In the  event of 
nozzle  failure, or if  the  nozzle  is  wide open, an  overtemperature of 
20° F will cause  the  afterburner  Rzel flow to be  .reduced  to a value 
consistent  with  the  temperature  limit. 

d 

Acceleration stall and  blow-out  protection. - As noted previously 
under RESULTS AMD DISCUSSION, it is possihle to provide  protection 
against  compressor  stall and- combust&  blow-out by scheduling  the 
maximum and m-Lnium fuel flows {corrected for temperature)  a6  functions 
of compressor-outlet  pressure.  Experimental data given in figure 17 
showed  that  the  maximum  fiel-limit  curve  shduid  be  comprised  of two 
straight-line  se-ents.  The  relation  between  the  fuel  limit and 
steady-state  operating  lines  for  both high and l o w  altitude8  is - given in the following sketch: - 

. .. 

" - 
. -  
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Fuel-flow  margin 
available for 

operating l ine ,  
low altitude 

,Fuel-flow  deficiency 
during  deceleration 

Compressor-outlet  pressure - .  - \ . .  

The  margin of fuel f l o w  in excess of the  steady-state  requirements 
available  for  acceleration is also indicated.by the  vertical  distance 
between  the  steady-state  operating  line axid t h e ' m i x i m u i i  rUel limit. 
The optimum acceleration.characteristics.are of course  obtained with 
the  maximum f'uel .limit  set  ta bord.er t h e .  re&o:ri- of Sta-Uand rich 
blow-out.  Both  the.maximum Fuel limit and the maxirmun temperature 
limit  discussed  previously  are in effect..sim.vlbeously and either . 

may impose a restriction on the  rate of acceleration.  At low engine 
speeds,  the  maximum  fuei  limit  is usuaily.encouiitered.first whereas 
near  rated  engine  speeds,  the maximum temperature LLdt ( w h i c h  
decreases  near  rated  speed) is generally  the "" . controlUng . . . .  l m t .  

. . ~  

. " 

. " .- 
" 

.- 

" 

" 

Fuel-flow deficiency  during  deceleration  represents  the  differ-.. 
ence  between  the f'uel flow required.  to  maintain  steady-state Conditions 
and  the fuel f low YequiPed to prevent .lean- c6mbustor~biow~out. This 
deficiency is indicative of the forces'tmding.to  reduce  the.engine 

.. 
. -  

- 
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speed. As noted in   the text, 1- combustor blow-out was not  obtained 
xi th   the m i n i m u m  fuel limit set a t   t he  value of 450 pounds per hour. 

When accelerations of large magnitude are  made and speed-error 
a i g n a l s  equiva1ent”tq 400 rpm are present,  the  exhaust-nozzle  area 
is locked a t  the init ial   area  unti l   the  approximate,final speed is  
reached or u n t i l  a speed  of 7800 rp is reached. After release, the 
exhaust  nozzle  .closes to the  steady-state exhaust-nozzle  schedule. 

Provision of services. - All services  required in the  various 
regions of  operation  are scheduled against tlq-ust-selector position 
o r  engine speed. The following are some examples-l When the  thrust 
selector i s  advanced from Oo t o  the idle position of loo, fuel flow 
is provided, the engine starter i s  sctivated, .and ignition i s  supplied. 
A t  an engine  speed of about, 2ooo rpm the starter “cuts  out”. Just 
above the 90° thrustcselector  position,  the  afterburner fuel shut-off. 
valve,  the  valve  supplying air t o  the  afterburner-fuel  pwp, and 
the  valve supplying m l i n g   a i r  t o  the exhaust nozzle open. A relay 
controlling  the  afterburner fuel shut-off  valve i s  closed a t  7200 rpm, 
preventing  afterburner  operation a t  lower speeds during a burst from 
low speed into  the  afterburning  region. 

Stabilization. - A two-phase motor is  used with a g e a r  reduction 
to   mve the engine  fuel-flow  control  valve. This mtor i s  driven by 
the  amplified  error signal. A tachometer  connected to the motor 
supplies  a  voltage  proportional to  motor speed. This voltage modulates 
the error signal, which is the  input t o  the  amplifier. When the  error 
signal is small, the  kchometer  output  tends t o  prevent small oscil-  
lationsj however, when the  error signal is large,  the tachometer 
output i s  overpowered and t h e - m t o r  i s  permitted t o  operate a t  f u l l  
speed. . .  

A ptentiometer i-s also connected t o  the  gear  reduction. The 
output  af this potentiometer i s  used to  oppose the error signal. When 
a speed. change - i s  called fo r  by the thrust selector, the motor begins 
to mve  the me1 Valve to a new position. A t  the beginning of  the 
transient  the  err& si-1 is  -large and the signal from the potenti- 
ometer has little effect; however, when the actual engine  speed 
approaches the set speed the error signal becomes sufficiently small 
so that  the signal f m m  the  potentiometer i s  effective. TRis signgl 
tends t o  stop  the mtor before  the set speed is reached. The poten- 
tiometer  feed-back signal i s  slowly  reduced t o  zero i n  a short t i m e  
to permit the set speed to  be ohtafnedj however, the anticipatory 
action  provides  stability as the engine  appmaches the  set  speed. 
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AppENDrx B 

SYMBOLS 

The following synibols are  used in this  report: 

M 

N 

P 

P 

R 

T 

t 

Wf 

‘1, 

effective  area  at  turbine-nozzle diaphrw 

f’uel-air  ratio 

acceleration  due  to  gravity, 32.174 ft/secz 

constants 

Mach  number 

engine-  speed 

total  pressure,  lb/sq  ft  absolute 

static  pressure, lb/sq ft absolute 

gas constant, ft-lb/(lb)(OR] . 

total  temperature, OR 

static  temperature, OR 

air flow, a/sec 

gas flow, lb/sec 

fuel flow, lb/hr 

adiabatic  compressor  efficiency 

%I 

qt 

r ‘  ratio  of  specific  heats 

burner  efficiency 

adiabatic  turbine  efficiency 

e ratio of absolute  static  temperature  at  engine  inlet to 
absolute  static  temperature at RAGA standard atnmOs- 
pheric  sea-level  conditions 
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- Subscripts : 

e 

$2 
d 1 

0 

3 

4 

6 

engine 

f ree  air stream 

engine inlet 

compressor outlet 

turbine  inlet 

turbine out le t  

33 
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A relation  which may be  used  as a basis  for stall and  blow-out 
protection may be  developed from a eonsideration of the flar conditions 
that  exist  at  the  turbine  nozzle  diaphragm.  For  operation  at l o w  
power  levels,  the  turbine  nozzle  diaphragm is not choked, and g a s  f l a t  
is given by  the following equation: 

For steady-state  operating  conditions, if the  various  specific  heats 
are  assumed  constant and the Rrel flow  is  neglected,  the  turbine  total 
pressure ratio Pq/P6 may be shown to be  related to compressor  total 
pressure  ratio P3/P1 by the  following  expression: 

As a first  approximation,  assume  that  the total temperatures and 
pressures  in  equation (2) are  equal to the  static  temperatures  and 
pressures,  respectively, and that  the  turbine-Inlet  static  pressure 
p4 i8 equal to the  compressor-outlet  static  pressure p3. A study 
of equations (1) and (2) reveals  that for a given  engine operating 
condftion (Wg = K) and  flxed  flight  conditions (pl and tl  constant) 
the  compressor-outlet  pressure  is a function of the  turbine-inlet 
temperature. 

For most of the normal engine  operatingcondAtions,  the  turbine 
nozzle  diaphragm is choked  and  the following ie true: 

During an acceleration,  however,  equation (3) is valid  for  lower  engine 
speed than that  encountered in steady-state operation, because  the 
turbine  pressure  ratfo.must  be  increasedto  produce an acceleration. 
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Turbine-inlet  temperature  is  given  by 

t4 = A% + 5 
where  the  combustor  temperature  rise A S  is 

I 

= %(fmeK1 
and r 

or if qc is  assumed  equal to 1 throughout  the  transient, 

therefore, 

* 

From  equation (4) it  may  be  seen  that  the  fuel f l o w  arid the . 
compressor-outlet  pressure  (corrected for inlet  temperature) may be 
scheduled in such a manner that  the  compressor  pressure  ratio will 
remain  below the value  producing stall. Stall data obtained at an 
engine-inlet temgemture corresponding to NACA standard condition 
and inlet  tempera.ture  of 140° F (fig. 121 indicate  that  the  effect - 
of engine-inlet  temperature may be  ignored.  The  imposition of  a limit 
on fuel f low for a fixed compressor-outlet  pressure also limits  the 
combustor  fuel-air  ratio @nd thereby  tends to prevent  combustor  blow- 
out.  Because of the  assumptions made and the  approximations  used, 
experimental  dete-nation of the  proper  schedule of fuel  flow  against 

- compressor-outlet  pressure was necessary. 
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Figure 3. - Original and modified ccrmbustar liners. 
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Bigwre 5. - Block diagram of integrated electronic control. 
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Thrust-selector position, deg 

Figure 6. - Schedule of engine  speed, exhaust-nozzle area,  and af ter-  
burner fuel flow with thrust-select.or pos i t ion .  - 3 
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Figme 7. - Schedule of percentage of rated erhawt-nozzle area t o  engins speed. 
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CorreoCed  engj 
(a) (RX1-3) engine. 

Figure 10. - Correlation of canprssaor atal l  with ccmpreaso~ total-preesure ratio and cmrected engine weed 
far J47C engines. 
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Corrected e-e e p e a ,  IT/@, rpm 
Figure '11. - Effect . o f  a l t i t u d e  and engine-inlet texperature on cam- 
pressor unstall characteristics of J47D (RX1-3) engine. Flfght 

1. 
4 5 -  E 7 a 9x103 

Corrected eng1r.s spead, n/@, r;3m 
Figure 12. - Effect  of flight Mac& nuxber on compresscu' unstall charac- 

teristics of 347D (RX1-3) engine. A l t i t u d e ,  25,000 feet. 
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Blgure 15. - Behavior of several engine varhblea aUrlng aoaeleratlon whloh meULt0d f iw E t c l ,  inorease in f w l  flow 
sholtlng phenwenon of Incomplete ombustor blow-out. Altitude; 45,000 feet, ilight Naoh number, 0.18. 
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F i g u r e  16.  - Lirnlta on engine fuel flow imposed by combustor blow-out. Alti- . "" . 

t u d e ,  45,000- feet; flight Mach. number,. 0.19. 
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Figure 18. - CorP37-ation of compressor stall and canbustor blow-out 
w i t h  compressor.preesure ratio and corrected e&ne speed for J47D 
(m-1) engine. 





. .  . .  . . . . . . . . . . . . . 
.: , . .. . , I 

, 4  I' I '  ' 
. .  . . .  . . . . .  

' I  
. . .  . ,. . .  I :  I 

. .  I. : ... . .  
' I: , ., , , 

. .  . ." . .  

% !  

-. . . . . . . . . ... . . . .. . . . .  . .  . .  . . . .  



. . . . . . . . . -  . .  



5N NACA RM E51M)8 - 
a 
al 

2 

k 

120 

100 

80 

60 

40 

x) 

0 

(a) Engine epeed. 

X) 

0 

F i g u r e  20. - Effect Of altitude on variation of engine speed and engine 
mount force during t h s t  selector burste frcm 10 t o  90 degrees. 
B l i g h t  Mach number. 0.19. - 
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(a) Engine speed. 

0 2 4. 6 8 la 12 14 16 
Time, eec 

(b) Engine mount force.  

Figure 21. - Efreot of flight Maoh number on variation o r  engine  epeed and engine m o u n t  
force during thruat saleator bursts f r o m  10 to  90 degrees. Altitude, 25,OOO feet.  
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(a) Engine agead. 

Figure 2 5 ;  - Effect of altitucie on variation of w i n e  speed and enghe m o u n t  
force during t h a t  selector chope from 90 to 10 degrees. Flight Mach num- 
ber, 0.19. 
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B i m  27. - Altitude  starting  charaoteristios wing llIL-I?-5624 (AN-F-58) m01. 
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(b) W i n d m i l l i n g  speed, 1600 rpm. 

Figure 29. - V a r i a t i o n  OF turbine-outlet temperatures b e h i n d  indi- 
vidual combuetors w i t h  time for two typical start6 at  a l t i t u d e  
of 35,000 feet. 
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Figure 30. - V a r i a t i o n  of time required far ignition and flame propagation with 
a l t i t n a e  for a l t i t u d e   tart^ a*.&Ou8 VindmillFng speeds. Values  by data 
points Indicate initial engine speed at wMch i-iticm eyetern turned on. 
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Tail-pipe fuel-air ratio, (f/a),, 

Figure 31. - Tall-pipe fuel-alr ratios reguired for autot@tion with eeveral 
afterburner canifgumtione. Fuel, MIL-F-5624 (AN-F-58) ; burner-Inlet tempera- 
ture, 1250° to l3OO0 F; f l ight  Maoh number, 0.19. - 



- . .. . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . -. 

1 I 2180 

Tail-pipe fuel-alr ratio, (f/a)a,., 

, ' I  

. .. . .  . .   . .  





I 

I '  
! 

Figure 33. - Behavlor of eeveral engine variables Uurlng automatically controlled acaeler 
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Figure 34. - Behavior of  several enRine variables during automatically controlled  acceleration Prom 
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dry thrust to partial  afterburning. Altitude, 25,000 feet; P u t  Mch mmber, 0.19. 
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Figure 36. .- Lean blov-out limits  obtained with several con- 
f~gurations using MIL-F-5624 (AN-F-58) fuel at burner- 
inlet temperatures f r a n  1250° to 13000 F.. Flight Mach 
number, 0.19. - 
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